Background: Uncoupling protein 1 (UCP1) plays an important role in increasing energy expenditure; thus, it is being considered as a new target for preventing obesity and metabolic complications. In this study, we investigated the effect of quercetin, a naturally occurring flavonoid, on UCP1 expression in white/brown adipose tissues (WAT/BAT). Methods: Mice were fed a high-fat diet (HFD) supplemented with or without dietary quercetin for 9 weeks, and 3T3-L1 adipocytes were treated with quercetin. Expression of UCP1 and other thermogenic genes/proteins was measured by real-time polymerase chain reaction and/or Western blotting. Results: Dietary quercetin supplementation increased the level of UCP1 in both WAT and/or BAT of HFD-fed obese mice, which was accompanied by upregulated mRNA levels of thermogenesis-related genes. Quercetin supplementation enhanced the plasma norepinephrine level and tended to upregulate β-adrenergic receptor mRNA level in the WAT of HFD-fed obese mice, accompanied by AMP-activated protein kinase (AMPK) activation. Moreover, quercetin enhanced UCP1 expression in 3T3-L1 adipocytes, and this was blunted by treatment with a peroxisome proliferator-activated receptor gamma (PPARγ) antagonist. Conclusion: These findings suggest that quercetin upregulates UCP1, implying increased WAT browning and BAT activity, via activation of the AMPK/PPARγ pathway through sympathetic stimulation. Quercetin may be useful for preventing obesity and metabolic complications.
INTRODUCTION
Obesity increases risks of metabolic complications such as insulin resistance and type 2 diabetes. Adipose tissues play an important role in energy storage, energy dissipation, and endocrine function, and an excessive accumulation of fat in adipose tissue, which results from an imbalance between energy intake and energy expenditure, causes chronic low-grade inflammation and hence is thought to be a major contributor to the pathogenesis of obesity.
ling BAT activity and browning of WAT may protect against obesity and its related complications. Uncoupling protein 1 (UCP1), a thermogenic factor, is highly expressed in BAT and is also expressed during beige adipocyte development (browning) in WAT. 3 UCP1 is located in the mitochondrial inner membrane; it uncouples oxidative phosphorylation from adenosin triphosphate synthesis, thereby dissipating energy by triglyceride hydrolysis, which leads to increased energy expenditure. 4 The induction of UCP1 accompanied by thermogenesis has been recognized as a new strategy for preventing obesity and metabolic complications. 5 With respect to this, food-derived thermogenic activators capable of inducing UCP1, which facilitates WAT browning and/or increases BAT activity, may protect against obesity and metabolic complications.
Quercetin is a polyphenolic flavonoid that is present in many fruits and vegetables, including onions, broccoli, tomatoes, and apples. We and others have shown that it elicits protective effects against obesity-induced peripheral/central inflammation and signs of metabolic dysregulation such as insulin resistance, hyperlipidemia, muscle atrophy, and fatty liver. [6] [7] [8] [9] Some plant-derived polyphenolic compounds such as curcumin and resveratrol, which have anti-obesity properties, increase UCP1 expression in BAT, WAT, and skeletal muscle of mice fed a high-fat diet (HFD) 10, 11 , indicating that their anti-obesity properties are associated with their thermogenic action. Quercetin has been shown to modulate mitochondrial function 12 , which is important for the thermogenic response.
However, quercetin's potential to act as a thermogenic factor by inducing browning of WAT and/or activation of BAT, as well as the underlying mechanisms of the action, have not been thoroughly investigated.
In this study, we demonstrate that quercetin induces UCP1 expression, implicating WAT browning and BAT activation. Quercetin-induced upregulation of UCP1 was associated with activation of the AMP-activated protein kinase (AMPK)/peroxisome proliferator-activated receptor gamma (PPARγ) pathway through sympathetic stimulation. 
METHODS

Chemicals and antibodies
Histology and immunohistochemistry
Tissues fixed in 10% formaldehyde were sectioned (5 μm thick) 
Western blot analysis
Equal amounts of cell samples were dissolved in lysis buffer (150 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, 50 mM NaF, 10 mM Na4P2O7, 1% IGEPAL, 2 mM Na3VO4, 0.25% protease inhibitor cocktail, and 1% phosphatase inhibitor cocktail), separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and Table 1 .
Statistical analysis
All data are given as mean ± standard error of the mean. The significance of differences between the two groups was assessed by Student t-test or one-way analysis of variance with Prism 5 (Graphpad, San Diego, CA, USA). Differences were considered to be significant at P < 0.05.
RESULTS
Quercetin upregulates UCP1 in WAT and 3T3-L1 adipocytes
Using HFD-fed obese mice, we first examined whether dietary quercetin supplementation induced expression of UCP1 and browning of WAT in vivo. Quercetin did not affect food intake, though mice that received quercetin had a tendency to gain less body weight than HFD-fed obese controls, as previously reported. 6, 7 Quercetin supplementation reduced WAT weight (data not shown) and the size of white adipocytes compared to HFD-fed obese controls (Fig. 1A) . Immunohistochemical analysis of UCP1 in WAT revealed that there were more clusters of UCP1-expressing smaller adipocytes in WAT from the quercetin-supplemented HFD-fed obese group than WAT from the HFD-fed obese controls (Fig. 1A) . In addition, Western blotting showed that expression of UCP1 was significantly upregulated by quercetin supplementation in HFD-fed obese mice (Fig. 1B) . Subsequently, we found that protein levels of browning markers, namely PPARγ and PGC1α, were enhanced in WAT from quercetin-supplemented HFD-fed obese mice (Fig. 1B) . In addition, we found that the expression of thermogenesis-related genes, including transcription factor A (Tfam), nuclear respiratory factor-1 (Nrf-1), PR domain containing 16 (Prdm16), cyclic adenosine monophosphate (Cidea), and transmembrane protein 26 (Tmem26), was enhanced in WAT from quercetin-supplemented HFD-fed obese mice (Fig.   1C) . Next, to test whether the effect of quercetin on UCP1 induction was associated with its ligand action on PPARγ, we treated 3T3-L1 adipocytes with quercetin with or without GW9662, a PPARγ antagonist. As shown in Fig. 1D , quercetin treatment significantly upregulated UCP1 in 3T3-L1 adipocytes, and quercetin action was blunted by treatment with GW9662.
Quercetin increases plasma norepinephrine and β3AR mRNA levels in WAT
The UCP1-mediated thermogenic response is regulated primarily by the sympathetic nervous system (SNS) through the binding of norepinephrine to the β3-adrenergic receptor (β3AR). We examined whether quercetin affects norepinephrine release and the expression of its receptor. As shown in Fig. 2A , levels of plasma norepinephrine in quercetin-supplemented HFD-fed obese mice were significantly higher than in HFD-fed obese controls. Additionally, we observed that quercetin supplementation tended to upregulate levels of β3AR mRNA in WAT from HFD-fed obese mice as compared with HFD-fed obese controls (Fig. 2B) . 
Quercetin increases PKA protein and AMPK phosphorylation in WAT
PKA, which is a downstream target of β3AR signaling, has been reported to activate AMPK, inducing UCP1 expression and thus browning of WAT. 13 We examined the effect of quercetin supplementation on PKA expression and AMPK activation in the WAT of HFD-fed obese mice. Expression of PKA protein in WAT was significantly increased in quercetin-supplemented HFD-fed mice compared to HFD-fed controls (Fig. 2C ). In addition, we observed that phosphorylation of AMPK in the WAT of HFD-fed obese mice was also increased by quercetin supplementation (Fig. 2D) .
Quercetin upregulates UCP1 protein in BAT
BAT is a specialized adipose tissue that expresses UCP1, dissipating chemical energy to produce heat in non-shivering thermogenesis. Activation of BAT is known to lead to an increase in energy expenditure. To examine the effect of quercetin supplementation on BAT activity, we measured UCP1 expression in the BAT of HFD-fed obese mice. BAT from quercetin-supplemented HFDfed obese mice contained small brown adipocytes with multiple small lipid droplets and a centralized nucleus surrounded by a clear cytoplasm, compared to HFD-fed controls (Fig. 3A) . In addition,
there was stronger immunostaining of UCP1-positive areas in quercetin-supplemented HFD-fed mice than control mice (Fig.   3B ). Consistent with this, Western blotting showed that expression of the UCP1 protein in BAT was significantly upregulated by quer- 
DISCUSSION
Upregulation of UCP1 mRNA/protein, which is closely associated with increased adaptive thermogenic activity and energy expenditure 14 , is widely used as a marker not only of BAT activity, but also of a brown-like phenotype, such as that of beige/brite adipocytes. 15 Studies have shown that several flavonoids have thermogenic activity by inducing UCP1 in BAT and WAT. 10, 11 In this study, we found that quercetin supplementation enhanced the expression of a core set of thermogenic genes (i.e., UCP1, Cidea, metabolic derangements in obese mice reported previously. [6] [7] [8] [9] It is known that the SNS, which innervates BAT, regulates thermogenic activity by increasing norepinephrine release from BAT SNS terminals. Norepinephrine acts on β3AR expressed in brown adipocytes, activating mitochondrial UCP1, which is responsible for increased BAT thermogenesis. β-adrenergic stimulation can enhance not only BAT activation, but also WAT browning 17 , and may therefore protect against obesity and metabolic complications.
18,19
Indeed, we found that quercetin supplementation increased norepinephrine levels in the plasma of HFD-fed obese mice. In addition, quercetin upregulated β3AR mRNA levels in the WAT of HFD-fed obese mice. Stimulation of β3AR in brown and white adipocytes activates adenylyl cyclase to raise levels of intracellular cAMP, whose target is PKA and AMPK, leading to the induction of UCP1. 20, 21 In this study, we observed that quercetin increased PKA expression in WAT, which is a downstream signaling molecule of β3AR. Subsequently, we confirmed that quercetin increased AMPK phosphorylation in WAT. Taken together, our data suggest that quercetin induces UCP1 expression in adipose tissues (WAT/ BAT) is associated with sympathetic stimulation through β3AR
signaling-induced PKA/AMPK activation.
Expression of UCP1 is directly controlled by PPARγ, a ligandactivated transcription factor of the nuclear receptor superfamily, by interaction with its coactivator PGC1α, indicating that PPARγ and PGC1α are essential for promoting the browning of WAT and the development of BAT. [22] [23] [24] In this study, we observed that quercetin upregulated the expression of PPARγ and PGC1α proteins in WAT, indicating that quercetin-induced UCP1 induction may be attributed to quercetin's ability to upregulate PPARγ and PGC1α.
Of note, activation of AMPK is known to increase the expression of mitochondrial biogenesis signals via PGC1α expression. 25 We found that quercetin enhanced the phosphorylation of AMPK in the WAT of HFD-fed obese mice, and this was accompanied by upregulation of the mitochondria-related genes Tmem26, Tfam,
and Nrf-1. These results indicate that quercetin-induced transcriptional activation of UCP1 can be attributed to enhanced phosphorylation of AMPK. Intriguingly, we observed that a PPARγ antagonist eliminated quercetin-mediated upregulation of UCP1 in 3T3-L1 adipocytes. Taken together, these observations suggest that quercetin-induced browning is partially associated with its ability to activate PPARγ and AMPK.
In summary, quercetin supplementation increased the expression of UCP1 protein in both WAT and BAT in HFD-fed obese mice, and this was accompanied by upregulation of mitochondrial thermogenic genes. Quercetin supplementation enhanced the plasma level of norepinephrine and the mRNA level of its receptor β3AR in WAT, accompanied by PKA/AMPK activation (Fig. 4) .
Moreover, quercetin treatment increased UCP1 expression in 3T3-L1 adipocytes, and this action was blunted by a PPARγ antagonist.
These findings indicate that quercetin-induced UCP1 is associated with AMPK/PPARγ activation through sympathetic stimulation, promoting WAT browning and BAT activation. Dietary quercetin may therefore be useful to protect against obesity and metabolic dysregulation.
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